A pulsed oscillating power amplier has been developed to apply high frequency biasing voltage to an electrode at the edge of STOR-M tokamak plasma. The power amplier can deliver a peak-to-peak oscillating voltage up to 120V and current 30A within the frequency range 1kHz-50kHz. The electrode is located in the equatorial plane at radius ρ = 0.88. The frequency of the applied voltage has been varied between discharges. It is observed that the plasma density and soft x-ray intensity from the plasma core region usually increase within the frequency range 1kHz-5kHz but seldom increase above 5kHz. Transport simulation has been carried out for STOR-M tokamak parameters using the ASTRA simulation code to understand the physical process behind experimental observations. The model is based on the stabilizing effect of the pondermotive force due to oscillating inhomogeneous electric field produced by biasing voltage which can suppress anomalous transport. Simulation results can reproduce the experiment quite well.
I. INTRODUCTION
Edge plasma turbulence in tokamak plays a crucial role in overall plasma transport and confinement [1] . In general, it is believed that anomalous transport in tokamaks is governed by plasma turbulence. Experimentally, it has been established that anomalous transport happens mostly due to edge electrostatic turbulence [2, 3] , but the basic mechanism of edge turbulence is not clear till now. Another interesting feature of turbulence phenomena is the possibility to drive zonal flows [4] when it reaches certain energy level and helps to trigger H-mode in a tokamak. So, turbulence has an interesting nature related to tokamak plasma confinement where it generally worsens plasma confinement but sometimes the deterioration is reduced, leading to a relatively better plasma confinement. Therefore, high frequency biasing may be another approach for understanding the role of turbulence in plasma confinement.
Previously, series of dc and low frequency (around a hertz) ac electrode biasing [5] [6] [7] [8] [9] [10] as well as turbulent feedback experiments [11] [12] [13] have been performed to understand the nature of turbulent transport and improved confinement achieved by edge turbulence suppression. Recently, it was planned to perform high frequency, within kilo-Hertz range, electrode biasing experiments on the STOR-M tokamak to study dependency of transport on biasing voltage frequency. So, an ac broadband (1kHz-50kHz) power amplifier has been developed to meet experimental needs for efficient amplification as well as capability of transferring a broadband signal (1kHz-50kHz) * Electronic address: debjyotibasu.basu@gmail.com † Electronic address: martinel@nucleares.unam.mx from its input to output without phase shift. In this paper, a brief description of power supply development, experimental results of high frequency electrode biasing as well as explanation of its physical nature through transport simulation by using ASTRA code will be discussed.
STOR-M tokamak is a limiter based small tokamak with circular plasma cross-section having major and minor radii 46 cm and 12 cm, respectively. High-frequency biasing and real time feedback experiments have been performed by using a power amplifier developed for the experiments on the STOR-M tokamak. In high-frequency bias cases, an oscillating voltage of ±60V has been applied at the plasma edge through an electrode made of a rectangular stainless steel plate located in equatorial plane at plasma radius 10.5(ρ = 0.88) cm and the frequency of applied voltage has been varied from 1kHz to 25kHz on a shot to shot basis. A pin-hole soft x-ray camera, having an array of twelve diodes, viewed from a top port [14] has been used to measure line-integrated soft xray emission intensity. A half-meter monochromator for H α recording as well as microwave interferometer for line averaged electron density measuring have been used.
The power amplifier can easily amplify a global signal within frequency range 1kHz-50kHz from its low power to high power. An output signal strength with peak voltage of ±60V and maximum current of 30A can be delivered without any distortion in any waveform when its input signal has strength of 0.25V and current of 0.5A. The selected frequency range has been chosen based on the dominant frequency of the drift mode driven by the density gradient present in STOR-M. The power amplifier has two key parts which amplify voltage & current and thus the overall power of waveform. Voltage amplification has been done through a high frequency and comparatively high power mosfet type op-amp chip PA340CC. trolled by a pulsed controller circuit using a solid state switch LF13202. A pulsed controller circuit is turned on by a master optical trigger pulse. Pulse delay and pulse width can be varied from 0.5ms to 44ms and 1ms to 45 ms, respectively. The block diagram of high frequency biasing experiment is shown in figure 3 . Frequency was varied between shots from 1kHz to 25kHz which was controlled by a function generator. Interestingly, it has been noticed that biasing effectively improves confinement for frequency 1kHz-5kHz with constant peak voltage ±60V. The confinement was rarely improved above 5kHz. A typical plasma shot with and without high frequency biasing is shown in figure 4. During the discharge shown in figure 4(a) peak to peak voltage of ±60V was applied from 10ms to 21ms at 5kHz. Here, important feature is that overall plasma density increased without significant change in H α intensity. Horizontal plasma equilibrium position was not affected during application of high frequency bias voltage which is shown in figure 4(c). Interestingly, figure 4(f) and figure 4(g) show that the electrode current decreases with time while the electrode voltage remains unchanged which is an indication of improved confinement [5, 15] .
Time evolution of central soft x-ray channel and particle confinement time (τ p ) with and without biasing are presented by figure 5(a) & figure 5(b). Here, τ p is the ratio of electron density n e to H α intensity [16] , which is enhanced due to application of high frequency biasing. Increment of soft x-ray signals from central channel and its adjacent channel in the low field side has been noticed from radial profile in presence of biasing in time window 15.5ms-16.5ms as shown in figure 5 (c). Crude calculation from an adjacent channel of soft x-rays shows that plasma temperature has been increased in that regime. The radiation due to bremsstrahlung which is detected by soft x-ray detectors can be written as I br = cn 2 e T So, a rough estimation using above formula shows that n e T e has been increased nearly 50%. This result indicates an enhancement of plasma energy due to the application of high-frequency biasing. Cross-power and crosscoherence between the applied bias voltage and bias current is shown in figure 5 (d) & figure 5(e). It has been noticed that plasma bias voltage and current are highly coherent at around 5kHz and they have a phase difference of π, as observed from figure 5(f). Soft x-ray image plot is shown in figure 6(a) & figure 6(b) corresponding to cases without and with bias which depict time evolution of radial profile of soft x-ray intensity. These results are indicative of improved plasma confinement due to high-frequency biasing.
In order to understand the mechanism for improved confinement with high-frequency biasing, simulation of plasma evolution during discharges has been performed using 'ASTRA' transport code with a model of turbulent transport. 'Astra' transport code [18] has been run using parameters of STOR-M tokamak in the ohmic heating regime where transport coefficients contain neoclassical component as well as turbulence part. The turbulence can be affected by high-frequency biasing potential in the way that partial suppression can be induced by the effect of the ponderomotive force [19] which is generated due to the higher frequency biasing potential. Plasma particles in the non-uniform oscillating electric field are subjected to a nonlinear, charge-sign independent average force, given by F P = −(e 2 /4mω 2 )∇|E| 2 that causes them to move, on average, in the direction of lower electric field side. The probe naturally produces an inhomogeneous field and its ponderomotive (PM) effect decreases with square of the frequency ω which would explain the observation that improved confinement is highly effective at frequencies below 5 kHz. When an RF wave is injected into a plasma it exerts a PM force but its effect is relevant only for very large wave powers. In contrast, for the biasing potential of 60 V at 2 kHz the bulk force density can be quite large: F P = nF P ∼ 10 12 dyn/cm 3 for our STOR-M parameters, taking potential variation scale length of 1 mm. It can be shown that pressure-gradientdriven instabilities that produce turbulence experience stabilizing effect due to the PM force and therefore, the associated anomalous transport coefficients are reduced by a factor given by [19] 
where D 0 is the diffusion coefficient in absence of oscillating field, L P is scale length variation of PM force and K is a coefficient that for drift wave turbulence is K = (K aω /s) 2 /2k(K aω +k). Here,ω = ω/ω * e and k = kρ i are the mode frequency and wavenumber normalized to the electron drift frequency and ion Larmor radius, s = L n /L s and K a = T e L T i /T i (L T i + L n ), with L s the magnetic shear length and L n , L T i the density and ion temperature variation lengths. Other instabilities have different factors but they can also be stabilized by RF electric fields (e.g. [20] ). The physical mechanism for turbulence and transport reduction is that there is a gradient of the PM force that points is opposite direction to the pressure gradient force which drives the instability. Then, the particles do not experience the poloidal drifting motion to destabilize the eigenmodes. Including the PM force in the two-fluid equations one finds that the mode growth rate decreases as the PM force magnitude increases or its scale length decreases. Thus, for large enough PM force or fast enough spatial decay the mode is stabilized for a given wavelength range [19] . The growth rate and the eigenmode spatial extension are used with a mixing length estimate to get the transport coefficient of Equation (1). All pressure driven instabilities can be stabilized in this way, like for example drift waves, ion temperature gradient modes or resistive ballooning modes.
Using the suppressed form for particle diffusion coefficient as well as for electron thermal conductivity in a localized region near the edge, where the electrode is located, the transport simulations show a behavior similar to the experimental observations when the highfrequency biasing potential field is applied. Any of the pressure-driven instabilities can be used in the simulation as the source of edge turbulence since it is not known which type is actually present. The differences among them are not very relevant for our purposes since all of them give rise to transport stabilization of the type given by Equation 1. Here, transport simulations have been performed considering two key turbulent models separately, which are likely to be present in a small tokamak: (a) resistive ballooning modes and (b) standard drift wave modes. In both cases there was clear improvement of plasma confinement and there were only small quantitative differences between them; the case with standard drift wave modes produces smaller improvement in confinement. Resistive ballooning modes constitute a viable source of fluctuations in the edge region and they produce considerable changes in plasma parameters as it can be seen in figure 7 . The simulations were performed by first running the code without the ac biasing until a steady state was reached having plasma parameters in agreement with typical STOR-M values and then the biasing was turned on. The evolution of representative plasma parameters given by Astra simulation can be observed in which the high-frequency potential of 2kHz with 60V is applied at time 0.09 s. It is clear that the behavior agrees in general terms with the discharge shown in figure 4. The electron temperature T e has a large increase which is detected in soft X-rays. Also the average and central density n e , n e0 increase moderately after a transit period, as well as the central ion temperature T i0 . A reduction in the loop voltage is also observed as a result of high frequency biasing in the simulation results. In addition, the total energy W increases by about 30 %. Interestingly, particle flux to the wall which would be related to the τ p , shows little changes which also agrees with the experimental result during high-frequency biasing. These results support the scenario of transport reduction by mode stabilization due to the PM force associated with high-frequency biasing potential. To our knowledge this is the first time that experimental studies of high frequency biasing in 'kHz' range have been performed in a tokamak, along with a transport simulation to understand physical nature behind experimental results. Both studies, which are in good agreement with each other, reveal that high-frequency electrode biasing applied at the edge of plasma in STOR-M tokamak can produce important effects on overall plasma behavior and confinement. In particular, soft X ray emission is enhanced in central part of plasma column, indicating a temperature increase when the bias frequencies are usually smaller than 5 kHz. The line density is also increased while the loop voltage either slightly decreases or remain unchanged. In addition, electrode current decreases while the electrode voltage stays unal-tered. All these events indicate that the plasma confinement has been improved by application of high-frequency biasing in 'kHz' range. These results can be explained in terms of a turbulence stabilization model due to PM force associated with the oscillating electric field of the electrode, for ac frequencies of a few kHz. Simulation results show that transport coefficients decrease around the electrode by a factor of D 0 /D = 1.5 (equation (1)) for the present case. It reveals that this is large enough to produce significant changes towards improved plasma confinement which agree well with experimental observations. Though, actual scaling of experimental data with f is difficult in the PM model since PM force has complicated nature due to its dependency on the gradient of temporal average of square of oscillating electric field but qualitatively it can be stated that the PM model also agrees with the experimental finding that for frequencies larger than 5 kHz there is rarely a confinement improvement, since the PM force decreases as f −2 .
